Rheumatoid arthritis is a chronic autoinflammatory disease that affects 1-2% of the world's population and is characterized by widespread joint inflammation. Interleukin-1 is an important mediator of cartilage destruction in rheumatic diseases 1 , but our understanding of the upstream mechanisms leading to production of interleukin-1b in rheumatoid arthritis is limited by the absence of suitable mouse models of the disease in which inflammasomes contribute to pathology. Myeloid-cell-specific deletion of the rheumatoid arthritis susceptibility gene A20/Tnfaip3 in mice (A20 myel-KO mice) triggers a spontaneous erosive polyarthritis that resembles rheumatoid arthritis in patients 2 . Rheumatoid arthritis in A20 myel-KO mice is not rescued by deletion of tumour necrosis factor receptor 1 (ref.
Rheumatoid arthritis is a chronic autoinflammatory disease that affects 1-2% of the world's population and is characterized by widespread joint inflammation. Interleukin-1 is an important mediator of cartilage destruction in rheumatic diseases 1 , but our understanding of the upstream mechanisms leading to production of interleukin-1b in rheumatoid arthritis is limited by the absence of suitable mouse models of the disease in which inflammasomes contribute to pathology. Myeloid-cell-specific deletion of the rheumatoid arthritis susceptibility gene A20/Tnfaip3 in mice (A20 myel-KO mice) triggers a spontaneous erosive polyarthritis that resembles rheumatoid arthritis in patients 2 . Rheumatoid arthritis in A20 myel-KO mice is not rescued by deletion of tumour necrosis factor receptor 1 (ref.
2). Here we show, however, that it crucially relies on the Nlrp3 inflammasome and interleukin-1 receptor signalling. Macrophages lacking A20 have increased basal and lipopolysaccharide-induced expression levels of the inflammasome adaptor Nlrp3 and proIL-1b. As a result, A20deficiency in macrophages significantly enhances Nlrp3 inflammasome-mediated caspase-1 activation, pyroptosis and interleukin-1b secretion by soluble and crystalline Nlrp3 stimuli. In contrast, activation of the Nlrc4 and AIM2 inflammasomes is not altered. Importantly, increased Nlrp3 inflammasome activation contributes to the pathology of rheumatoid arthritis in vivo, because deletion of Nlrp3, caspase-1 and the interleukin-1 receptor markedly protects against rheumatoid-arthritis-associated inflammation and cartilage destruction in A20 myel-KO mice. These results reveal A20 as a novel negative regulator of Nlrp3 inflammasome activation, and describe A20 myel-KO mice as the first experimental model to study the role of inflammasomes in the pathology of rheumatoid arthritis.
A20 was deleted in myeloid cells by crossing A20 flox/flox mice into lysozyme M (LysM)-Cre-recombinase-expressing mice. Unlike wild-type macrophages, A20 myel-KO macrophages failed to induce A20 messenger RNA (mRNA) and protein expression in response to the Toll-like receptor-4 (TLR4) ligand lipopolysaccharide (LPS) ( Fig. 1a, b ), demonstrating the effectiveness of LysM-driven deletion of A20 in myeloid cells. Arthritis development in A20 myel-KO mice was shown to be independent of tumour necrosis factor receptor 1 (TNF-R1), whereas deletion of MyD88 markedly protected against pathology of rheumatoid arthritis 2 . As this signalling adaptor operates downstream of both TLRs and interleukin-1 receptor (IL-1R), we crossed Il1r1 2/2 mice into A20 myel-KO mice to assess the contribution of IL-1 signalling to arthritis pathogenesis. As expected, wild-type mice (A20 flox/flox Il1r1 1/1 ) did not develop arthritis, whereas A20 myel-KO mice spontaneously developed an arthritic phenotype (Fig. 1c ). The incidence of A20 myel-KO mice developing arthritis was 100% (Fig. 1d ). In sharp contrast, A20 myel-KO Il1r1 2/2 mice were virtually devoid of clinical signs of arthritis ( Fig. 1c, d ). In agreement, clinical scoring of disease severity confirmed A20 myel-KO Il1r1 1/1 mice as developing severe arthritic disease (high clinical score) whereas A20 myel-KO Il1r1 2/2 mice were markedly protected (clinical score 0). A20 myel-KO littermates that were heterozygous for IL-1R1 expression showed an intermediate arthritic phenotype between those of A20 myel-KO Il1r1 1/1 and A20 myel-KO Il1r1 2/2 mice ( Fig. 1d, e ). These clinical assessments were supported by a histological examination of representative ankle joints. Tissue sections of diseased A20 myel-KO Il1r1 1/2 mice stained by haematoxylin and eosin showed significant synovial and periarticular inflammation and high levels of infiltrated mononuclear cells, which was associated with extensive cartilage and bone destruction ( Fig. 1f ). In marked contrast, ankle joints of A20 myel-KO Il1r1 2/2 littermates were strongly protected from arthritic histopathology and contained significantly reduced numbers of infiltrating inflammatory cells ( Fig. 1f ). Semi-quantitative scoring of these histological parameters confirmed that the severity of arthritis was substantially lower in A20 myel-KO Il1r1 2/2 mice relative to A20 myel-KO Il1r1 1/2 littermates ( Fig. 1g and Extended Data Table 1 ). These results demonstrate that IL-1 production is detrimental for arthritis pathogenesis in mice with a myeloid cell-restricted deletion in A20.
Macrophages are a prime source of proIL-1b, and generally depend on caspase-1 for maturation and secretion of the biologically active cytokine. Caspase-1 is produced as a cytosolic zymogen, the activation of which is controlled by different inflammasomes 3 . To study the role of A20 in inflammasome signalling, we assessed caspase-1 processing in bone-marrow-derived macrophages (BMDMs) of wild-type and A20 myel-KO mice. Notably, caspase-1 activation was substantially increased in LPS-primed A20 myel-KO macrophages that were treated with soluble (ATP and nigericin) or crystalline (silica) stimuli of the Nlrp3 inflammasome compared with wild-type BMDMs ( Fig. 2a ). Concurrently, the levels of secreted IL-1b in the culture medium of ATP-and nigericintreated A20 myel-KO macrophages were about twice those of wild-type cells, and silica triggered nearly four times higher levels of secreted IL-1b ( Fig. 2b ). Enhanced caspase-1 autoprocessing ( Fig. 2c, d ) and IL-1b secretion ( Fig. 2e , f) by the Nlrp3 inflammasome was evident within 10 min after ATP or nigericin addition, and continued to increase in a time-dependent fashion. Similarly, the induction of caspase-1-dependent pyroptosis was enhanced in A20 myel-KO macrophages (Fig. 2g, h) . Despite their hypersensitivity for Nlrp3 inflammasome activation, A20 myel-KO macrophages failed to process caspase-1 and secrete IL-1b and IL-18 when treated with LPS, ATP or nigericin alone (Extended Data Fig. 1 ). The increased responsiveness of A20 myel-KO macrophages towards inflammasome activation was restricted to the Nlrp3 inflammasome because caspase-1 processing and pyroptotic cell death by the Nlrc4 inflammasome were similarly induced in wild-type and A20 myel-KO macrophages that had been infected with Salmonella enterica serovar Typhimurium (Fig. 2i, j) . Similarly, stimulation of the AIM2 inflammasome with cytosolic double-stranded DNA (dsDNA) did not result in differential levels of caspase-1 processing and pyroptosis induction in wild-type and A20 myel-KO macrophages (Fig. 2k, l) . It is worth noting, however, that despite normal caspase-1 activation and pyroptosis levels in response to S. enterica serovar Typhimurium infection and dsDNA transfection, secretion of IL-1b in response to these treatments was consistently higher in A20 myel-KO macrophages compared with wild-type controls ( Fig. 2m , n), which could be explained by increased induction of proIL-1b mRNA in A20 myel-KO macrophages (data not shown). Together, these results demonstrate that A20 negatively regulates activation of caspase-1 by the Nlrp3 inflammasome, but not by the Nlrc4 and AIM2 inflammasomes.
Activation of the Nlrp3 inflammasome in wild-type macrophages is tightly regulated at different levels. A priming signal (referred to as step 1 and usually provided by TLRs) upregulates Nlrp3 expression levels along with the inflammasome substrate proIL-1b via the pro-inflammatory transcription factor NF-kB 4 . A20 negatively regulates LPS-induced NF-kB activation (refs 5-8 and Extended Data Fig. 2a ), which was also reflected in increased secretion of the NF-kB-dependent cytokines IL-6 and TNF in A20 myel-KO macrophages (Extended Data Fig. 2b, c) . We further showed A20-deficiency to markedly enhance LPS-induced mRNA expression levels of Nlrp3 ( Fig. 3a ) and proIL-1b ( Fig. 3b ). In contrast, LPS-induced transcript levels of caspase-1 and the inflammasome adaptor ASC were respectively mildly upregulated and normal in A20 myel-KO macrophages (Extended Data Fig. 3a, b ). Analysis of protein expression levels confirmed Nlrp3 and proIL-1b to be significantly higher in LPSprimed A20 myel-KO macrophages than wild-type cells, whereas caspase-1 and ASC were not differentially modulated in the two genotypes ( Fig. 3c ).
TLR stimulation during brief time intervals (10 min or less) was recently shown to license activation of the Nlrp3 inflammasome independently of new protein synthesis [9] [10] [11] [12] . Rapid Nlrp3 inflammasome activation resulted in procaspase-1 processing and secretion of pre-synthesized proIL-18 in the absence of the NF-kB-dependent cytokines IL-1b, TNF and IL-6 (refs 9-11). To address whether A20 modulated rapid Nlrp3 inflammasome activation, cells were exposed to ATP or nigericin after being primed with LPS for 10 min. As reported 9-12 , wild-type BMDMs activated caspase-1 ( Fig. 3d ) and secreted significant amounts of IL-18, but not IL-1b, TNF or IL-6 ( Fig. 3e ). Moreover, we noted Nlrp3 protein levels were lowered after stimulation both in wild-type and A20 myel-KO macrophages (Fig. 3d ), supporting the notion that acute Nlrp3 inflammasome activation occurred independently of LPS-induced new protein synthesis. Both caspase-1 processing and IL-18 secretion were markedly increased in A20 myel-KO macrophages in the absence of substantial IL-1b, TNF and IL-6 secretion ( Fig. 3d, e ). This was probably due to increased basal expression of Nlrp3 and proIL-18 in these cells ( Fig. 3c, d ). In agreement, basal mRNA levels of Nlrp3, proIL-1b and proIL-18 were increased in untreated A20 myel-KO macrophages (Fig. 3a, b and Extended Data Fig. 3c ). Together, these results suggest that A20 negatively regulates Nlrp3 inflammasome signalling by suppressing NF-kB-dependent production of Nlrp3 and the inflammasome substrates proIL-1b and proIL-18. In agreement, the pharmacological inhibitor of kappa B kinase (IKK) inhibitor BMS-345541 significantly reduced Nlrp3 levels in LPSprimed A20 myel-KO macrophages (Fig. 3f ). Moreover, both BMS-345541 and the selective IKK2 inhibitor TCPA-1 significantly reduced ATPand nigericin-induced caspase-1 autoprocessing, IL-1b secretion and pyroptosis induction in LPS-primed A20 myel-KO macrophages ( Fig. 3g-i ).
Having established A20 as a negative regulator of Nlrp3 inflammasome activation, we hypothesized that excessive Nlrp3 activation might drive pathology of rheumatoid arthritis in A20-deficient mice upstream of IL-1R1. To test this hypothesis, Nlrp3 2/2 mice were crossed into A20 myel-KO mice and the levels of four cytokines (IL-1a, IL-1b, IL-6 and TNF) relevant to rheumatoid arthritis were monitored. Although IL-1a levels were not significantly different in A20-sufficient and A20 myel-KO mice (Extended Data Fig. 4a ), the latter group of mice had significantly higher levels of IL-1b in circulation (Fig. 4a ). In addition, the levels of IL-6 and TNF were also significantly higher in A20 myel-KO mice compared with A20 flox/flox littermates (Extended Data Fig. 4b, c) . Notably, , A20 myel-KO Il1r1 1/1 (n 5 8), A20 myel-KO Il1r1 1/2 (n 5 15) and A20 myel-KO Il1r1 2/2 (n 5 9) mice aged 21-30 weeks were clinically scored for arthritis incidence (d) and severity (e). f, Ankle joint sections stained with haematoxylin and eosin; magnification 340 (top) and 3100 (bottom). g, Histological scores of ankle sections of A20 myel-KO Il1r1 1/2 (n 5 10) and A20 myel-KO Il1r11 2/2 (n 5 8). P values in e and g were determined by Student's t-test.
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deletion of Nlrp3 in A20 myel-KO mice markedly reduced IL-1b secretion to baseline levels of A20 flox/flox mice, thereby demonstrating that the Nlrp3 inflammasome contributes critically to excessive IL-1b production in A20 myel-KO mice in vivo (Fig. 4a ). Intriguingly, A20 myel-KO Nlrp3 2/2 mice also were protected from excessive IL-6 production, suggesting that high IL-6 levels are consequent to excessive inflammasome-mediated IL-1b production (Extended Data Fig. 4b ). In contrast, TNF production was not significantly affected in A20 myel-KO Nlrp3 2/2 mice (Extended Data Fig. 4c ). In agreement, TNF-R1 signalling was previously shown to be dispensable for pathology of rheumatoid arthritis in A20 myel-KO mice, whereas IL-6 neutralization provided protection 2 . Based on these findings, we assessed the contribution of Nlrp3 to pathogenesis of rheumatoid arthritis in A20 myel-KO mice. Swelling and redness of the hind paws of A20 myel-KO Nlrp3 1/1 mice became evident around 11 weeks of age (Fig. 4b) , and had afflicted all animals of this genotype when they were 20 weeks old (Fig. 4c ). Disease severity continued to progress, and became increasingly pronounced in A20 myel-KO Nlrp3 1/1 mice aged 21-40 weeks (Fig. 4d) . In contrast, A20 myel-KO Nlrp3 2/2 mice of similar age were markedly protected from rheumatoid arthritis, and their hind paws had a normal appearance and lacked clinical signs of pathology of rheumatoid arthritis ( Fig. 4b-d ). Histological analysis of the ankle joints of these mice showed significantly reduced synovial and periarticular inflammation, and substantially less infiltrated mononuclear cells compared with tissue sections of A20 myel-KO Nlrp3 1/1 mice of comparable age (Fig. 4e , f and Extended Data Table 2 ). In agreement, three-dimensional micro-computed tomography imaging showed that the extent of bone erosion in hind paws of representative A20 myel-KO Nlrp3 1/1 and A20 myel-KO Nlrp3 2/2 mice was markedly different. Unlike in Nlrp3-deficient A20 myel-KO mice, hind paws of Nlrp3-sufficient mice exhibited severe loss of bone density in the metatarsal region ( Fig. 4g) , demonstrating a key role for Nlrp3 in the pathology of rheumatoid arthritis.
We also analysed the impact of caspase-1/11 deficiency on IL-1b secretion and pathology of rheumatoid arthritis in A20 myel-KO mice. IL-1b levels in circulation were significantly reduced in A20 myel-KO Casp1/ 11 2/2 mice compared with A20 myel-KO Casp1/11 1/1 mice (Fig. 4h ). As in A20 myel-KO Nlrp3 2/2 mice, serum levels of IL-6 were markedly reduced in A20 myel-KO Casp1/11 2/2 mice, whereas TNF production was not significantly different compared with A20 myel-KO Casp1/11 1/1 mice (Extended Data Fig. 4 ). Moreover, hind paws of all analysed A20 myel-KO Casp1/11 1/1 mice were clearly inflamed and swollen ( Fig. 4i-k) . In contrast, 50% of A20 myel-KO Casp1/11 2/2 mice were devoid of clinical signs of arthritis, and disease symptoms in the remaining A20 myel-KO Casp1/11 2/2 mice were very mild ( Fig. 4i-k) . In agreement, analysis of inflammasomes, in A20-deficient macrophages. a-h, BMDMs were stimulated as described in Methods. Lysates were immunoblotted for caspase-1 (a, c, d) and supernatants analysed for IL-1b (b, e, f) and LDH (g, h). Nig, nigericin. i-n, BMDMs were treated as described in Methods. Lysates were immunoblotted for caspase-1 (i, k) and supernatants analysed for LDH (j, l) and IL-1b (m, n). Black arrow, procaspase-1; white arrow, p20. MOI, multiplicity of infection. Data represent mean 6 s.d. of one out of three biological replicates, with three technical replicates each (*P , 0.05; ***P , 0.001; Student's t-test). LETTER RESEARCH joint sections of arthritic A20 myel-KO Casp1/11 1/2 mice stained with haematoxylin and eosin showed massive mononuclear cell infiltration associated with marked articular, periarticular and synovial inflammation and reactive fibrosis. In contrast, joints of A20 myel-KO Casp1/11 2/2 mice were markedly protected from the histopathology of rheumatoid arthritis ( Fig. 4l) .
Collectively, these results demonstrate that A20 puts a brake on Nlrp3 inflammasome activation by reducing basal and LPS-induced Nlrp3 expression levels (Extended Data Fig. 5 ). Moreover, we showed that excessive Nlrp3 inflammasome activation drives arthritis pathogenesis in A20 myel-KO mice. Arthritis in humans is a complex disease that may be caused by different combinations of genetic and environmental triggers. As such, available mouse models of rheumatoid arthritis may each be relevant to distinct subsets of patients with rheumatoid arthritis, or suitable for studying certain aspects of the pathogenesis of rheumatoid arthritis. Pathology in the widely used collagen-and antigen-induced mouse arthritis models occurs independently of inflammasome signalling 13, 14 . In contrast, we demonstrated here that arthritis pathology in A20 myel-KO mice critically relies on the Nlrp3 inflammasome/IL-1 signalling axis. Because both A20/Tnfaip3 [15] [16] [17] [18] and Nlrp3 19-21 are rheumatoid arthritis susceptibility genes, this suggests that A20 myel-KO mice might be a suitable pre-clinical model for validating the effectiveness of experimental therapies for rheumatoid arthritis targeting inflammasomes and/or IL-1 signalling.
METHODS SUMMARY
Mice. Nlrp3 2/2 (ref. 22) , Casp1/11 2/2 (ref. 23 ), Il1r1 2/2 (ref. 24 ) and A20 myel-KO mice 2 with a lysozyme M-Cre-targeted deletion of A20 in myeloid cells were as described. BMDM studies. BMDMs were isolated and the Nlrp3 inflammasome was activated by LPS in combination with ATP (Roche), nigericin (Sigma-Aldrich) or Silica (US Silica). The AIM2 or Nlrc4 inflammasomes were activated by infection with Salmonella enterica serovar Typhimurium or transfection with plasmid DNA, respectively. Antibodies. The following antibodies were used: A20 (Santa Cruz Biotechnology), caspase-1, Nlrp3, ASC (Adipogen), IL-1b (Genetex), IL-18 (Biovision), IkBa, Phospho-IkBa (Ser32) (Cell Signaling) and b-actin (Novus Biologicals). Cytokine analysis and lactate dehydrogenase measurement. Cytokine levels in culture medium of BMDMs and in serum were determined by Luminex assays (Bio-Rad) and IL-1b enzyme-linked immunosorbent assay (ELISA) (R&D Systems). Lactate dehydrogenase (LDH) activity (Promega) was used to quantify pyroptosis. Reverse transcription PCR. RNA was isolated using RNeasy kit (Qiagen) and mRNA levels were determined by quantitative reverse transcription PCR (qRT-PCR). Clinical scoring. Mice were randomly scored in a blinded fashion for development of peripheral arthritis. The severity of arthritis was assessed using a visual scoring system. Histology and histological scoring. Paraffin sections of murine paws were stained with haematoxylin and eosin for evaluation of inflammation and bone erosion. Histological scores were based on evaluation of two parameters, calcaneal erosion and inflammation at the synovio-entheseal complex, each ranging from 0 (normal) to 3.
Online Content Methods, along with any additional Extended Data display items and Source Data, are available in the online version of the paper; references unique to these sections appear only in the online paper. mice. a, IL-1b serum levels of A20 fl/fl Nlrp3 1/1 (n 5 10), A20 myel-KO Nlrp3 1/1 (n 5 10) and A20 myel-KO Nlrp3 2/2 (n 5 10) mice aged 20-35 weeks. b, Hind paws of 30 week old mice. c, d, A20 myel-KO Nlrp3 1/1 (n 5 20) and A20 myel-KO Nlrp3 2/2 (n 5 17) mice were scored for arthritis incidence (d) and severity (e). e, Representative ankle joint sections; magnification 340 (top) and 3100 (bottom). f, Histological scores of ankle sections of A20 myel-KO Nlrp3 1/1 (n 5 5) and A20 myel-KO Nlrp3 2/2 (n 5 5) mice. g, microcomputed tomography images of hind paws of A20 myel-KO Nlrp3 1/1 and A20 myel-KO Nlrp3 2/2 mice. Solid arrow, bone erosion; empty arrow, intact cartilage and bone. h, IL-1b serum levels of A20 fl/fl Casp1/11 1/1 (n 5 11), A20 myel-KO Casp1/11 1/1 (n 5 26) and A20 myel-KO Casp1/11 2/2 (n 5 16) mice aged 20-35 weeks. i, Hind paws of 25 weeks old mice. j, k, 15-30 weeks old A20 myel-KO Casp1/11 1/1 (n 5 12), A20 myel-KO Casp1/11 1/2 (n 5 15) and A20 myel-KO Casp1/11 2/2 (n 5 24) mice were clinically scored for arthritis incidence (j) and severity (k). l, Representative ankle joint sections; magnification 310 (top) and 320 (bottom). P values were determined by Student's t-test (a, d, f, k) and Mann-Whitney U test (h).
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